One sentence summary: The study highlights the diversity of phage defense mechanisms in the fish pathogen Vibrio anguillarum, and demonstrates that phage resistance affects the fitness and virulence of this pathogen.
INTRODUCTION
The genus Vibrio belongs to a family of heterotrophic marine bacteria that includes many facultative symbiotic or pathogenic strains (Lipp and Rose 1997) . Human pathogens include Vibrio cholerae, the causative agent of cholera (Reidl and Klose 2002) , V. parahaemolyticus and V. vulnificus, which are responsible for most cases of seafood poisoning (Baker-Austin et al.2010) . Other Vibrio species are common in cultured marine organisms, and a major concern in the aquaculture industry (Pujalte et al. 2003; Soto-Rodriguez et al. 2015) . V. anguillarum is a marine pathogenic bacterium that can cause a fatal haemorrhagic septicaemic disease (vibriosis). It is considered one of the most important pathogens in the aquaculture and larviculture industry, infecting ∼50 species of fish, mollusks and crustaceans (Frans et al. 2011) . Twenty-three different serotypes (O1-O23) have been described, with serotypes O1, O2, and to some extent, O3, being associated with fish vibriosis (Toranzo and Barja 1990) .
Bacteriophages (phages) are the most abundant biological entities in the marine environment, playing important roles in, e.g. structuring bacterial diversity and evolution by selecting for phage-resistant genotypes and as key drivers of horizontal gene transfer (Touchon, Moura de Sousa and Rocha 2017) . The strong lytic potential of phages against specific marine bacterial hosts has led to increasing interest in the therapeutic use of lytic phages (phage therapy) to control pathogenic bacterial infections in aquaculture. A number of vibriophages from marine systems have been characterized in terms of morphology, genomic composition and host range properties (Kellogg et al. 1995; Comeau, Chan and Suttle 2006; Tan, Gram and Middelboe 2014; Kalatzis et al. 2017) . In particular, one phage, KVP40, was found to have a very broad host range, infecting at least eight Vibrio and one Photobacterium species (Matsuzaki et al. 1992) . The receptor for this phage has been identified as outer membrane protein K (OmpK), which is generally present in the vibrio group (Inoue, Matsuzaki and Tanaka 1995) . In addition, vibriophages have been successfully applied in phage therapy trials with promising results on survival of fish and shellfish (Pereira et al. 2011; Higuera et al. 2013; Silva et al. 2014; Kalatzis et al. 2016; Kalatzis et al. 2018; Rørbo et al. 2018) . However, in most in vitro laboratory experiments only temporary phage control (6-8 h) of V. anguillarum strains were observed, and regrowth of cells following phage infection suggested the emergence of phageresistant clones after phage exposure (Mateus et al. 2014; Tan 2014; Kalatzis et al. 2016) . Altogether, these studies emphasized that a detailed characterization of phage-host interactions and phage defense strategies in Vibrio pathogens is essential for the successful application of phage-based Vibrio control.
Phages impose a strong selective pressure on the host population that favors phage-resistant strains over their sensitive counterparts (Middelboe 2000) , and bacteria have developed multiple defense mechanisms against phage infections (Labrie, Samson and Moineau 2010; van Houte, Buckling and Westra 2016) . Recent studies have identified a variety of strategies to avoid phage infection in V. anguillarum, such as surface modification and cell aggregation (Tan, Dahl and Middelboe 2015) , R-M inactivation of phage DNA and CRISPR-Cas systems (Kalatzis et al. 2017) , and quorum sensing regulation of phage receptor expression (Tan, Svenningsen and Middelboe 2015) . The prevalence and control of these mechanisms likely depend on the type and function of receptor and the costs of engaging the different mechanisms under various environmental conditions. Modifications of surface molecules have been shown to negatively affect virulence and other functional properties in other fish pathogens including Flavobacterium columnare (Laanto et al. 2012) and F. psychrophilum (Castillo et al. 2015) , thus reducing the fitness of these phage-resistant strains. Similarly, energy requirements associated with biofilm formation or CRISPR-Cas maintenance are also associated with cost for the bacteria (Westra et al. 2015) . However, little is known about the variability and control of these mechanisms in V. anguillarum, or the trade-offs between benefits of resistance and the costs of phage defense under different environmental conditions.
In this study, we investigated variations in phage resistance strategies among V. anguillarum strains, using phage KVP40 as a model for phage infection, and examined the potential implications of genetic resistance for the host properties. We sequenced 16 phage-resistant V. anguillarum variants to identify specific mutations that could be linked to phage resistance mechanisms and compared genomic changes to changes in virulence properties displayed by the phage-resistant variants in a cod larval model. Together, these approaches provided insights into the potential impact of phage KVP40 on the genetic evolution and functional properties of the fish pathogen V. anguillarum.
MATERIALS AND METHODS

Strain selection, medium composition and growth conditions
V. anguillarum strains 4299, 90-11-286, PF4 and Ba35 had previously been isolated from different geographic localities covering a distance of >13 000 km, and temporal scales of isolation of 27 years. All strains have been characterized genomically and phenotypically Rønneseth et al. 2017 ) (Supplementary Table S1 ). The strains were stored at −80
• C in marine broth (MB) (tryptone 0.5%, yeast extract 0.1%, sea salts 2%) with 25% glycerol. Strains were grown in MB and incubated at 25
• C with agitation for 24 h .
Bacteriophage KVP40 and efficiency of infection
The broad-host-range phage KVP40 (Myoviridae; T4-like phage) was originally isolated from coastal seawater in Japan using a strain of V. parahaemolyticus as the host (Matsuzaki et al. 1992) and the genome has been sequenced (Miller et al. 2003) . For preparation of high titer phage KVP40 stock, 200 μl phage stock was added to agar plates with the alternative host V. anguillarum strain PF430-3 vanT. This strain expresses high levels of the phage receptor OmpK, resulting in a high susceptibility to phage KVP40 (Tan, Svenningsen and Middelboe 2015) embedded in top agar (MB with 0.4% agar) on LB (Luria broth) plate (LB broth with 1.1% agar), and incubated at 25 • C overnight. Phage was eluted from agar plates with confluent lysis by adding 5 ml of SM (saline magnesium) buffer (50 mM Tris-HCl, pH 7.5, 99 mM NaCl, 8 mM MgSO 4 ) and subsequent purification by centrifugation (5000 × g, 10 min, 4
• C) and 0.2 μm filtration.
The bacterial susceptibility to phage KVP40 was tested for 28 previously characterized strains of V. anguillarum by quantification of efficiency of plating (EOP) relative to the proliferation host (strain PF430-3 vanT) using small drop plaque assay (Mazzocco et al. 2009 ) after exposing the strains to the same phage titer. Plaque-forming units (PFU) were examined after 24 h. Each experiment was performed three independent times.
Phage infection experiments
Three experiments were conducted where the V. anguillarum strains were infected with the phage KVP40. The first experiment was carried out as batch incubations of the individual V. anguillarum strains, infected with the phage KVP40. One single colony for each wild type V. anguillarum strain was inoculated in 20 ml of MB and incubated at 25
• C with agitation at 150 rpm for 2 h. Subsequently, 1 ml of the exponentially growing cultures (OD 600 = 0.6) was inoculated in 50 ml of MB in a 250-ml Erlenmeyer flask and incubated at 25
• C with agitation at 150 rpm. Immediately after, phage KVP40 was added at multiplicity of infection (MOI) of 10, with parallel control cultures amended with the same volume of sterile SM buffer (Tan, Gram and Middelboe 2014) . Samples for measurement of OD 600 and phage counts were taken every 2 h during the experimental period of 12 h. Phage counting was performed by small spot assay (Mazzocco et al. 2009 ) using V. anguillarum strain vanT as host. At the end of the experiment, subsamples of all the infected cultures were plated on agar plates to allow isolation of individual clones. One hundred colonies were randomly selected from each strain and were preserved as frozen stocks at −80 • C.
Experiments 2 and 3 were performed as more long-term serial transfer experiments using V. anguillarum strains PF4 and Ba35 infected by phage KVP40 to select for phage-resistant clones. In experiment 2, 100 μl of a bacterial suspension of a single colony of V. anguillarum strain PF4 was inoculated in three parallel 12-ml tubes with minimal medium (0.2% glucose in SM buffer) and infected with phage KVP40 at MOI 0.1. For three days, the cultures were diluted (0.01%) in fresh minimal medium every 24 h. Aliquots of each passage (24, 48 and 72 h) were plated to allow isolation of individual clones. Three hundred colonies were randomly selected and preserved as frozen stocks. Phage and bacterial counts were performed by small spot assay prior to each transfer (Mazzocco et al. 2009 ). In experiment 3, a bacterial culture initiated from one single colony of V. anguillarum strain Ba35 was infected with phage KVP40 at MOI 0.1 in 25 ml MB medium in triplicate tubes and incubated for 24 h, followed by 100-fold dilution in MB and re-incubation for 24 h. During each passage, phage KVP40 was added upon transfer, with a total volume of 50 μl phage stock added each time, corresponding to ∼10 7 PFU ml −1 . The experiment was run for two weeks covering 15 transfers into fresh medium with addition of new phages. Subsamples for phages and bacteria were collected every day prior to transfer, and quantification was done by small spot assay and measurements of PFUs and colonyforming units, respectively (Mazzocco et al. 2009 ). Aliquots from the transfers were plated to allow isolation of individual clones. One hundred colonies were randomly selected and preserved as frozen stocks as described above.
Screening for phage-resistant V. anguillarum variants
A total number of 800 isolates were tested for resistance to KVP40 exposure. This was verified by spotting 10 μl of phage (10 9 PFU ml −1 ) onto lawns of the isolates in 4 ml top agar (MB with 0.4% agar) on LB plates (1.5% agar). The inability of the phage to cause cell lysis after 24 h of incubation verified phage resistance in the strain. Finally, a subset of 16 resistant clones was selected from experiments 1, 2 and 3 for further analysis.
Phage adsorption rates
The adsorption constants of phage KVP40 to ancestor strains 4299, PF4, Ba35 and six of the phage-resistant clones were determined by adding this phage to 20 ml of exponentially growing cells (OD 600 = 0.5) at a MOI of 0.0001 and incubating the infected culture at 22
• C with agitation. Samples were taken every 5 min for 30 min, centrifuged (5000 × g, 3 min), and diluted (1:10) in SM buffer with chloroform. The phage adsorption constant was calculated from the decrease in unadsorbed phages over time, according to the following equation:
where B is the concentration of bacteria (cells ml −1 ), p0 is the number of PFU at time zero, p is the number of PFU in supernatant (i.e. phages not adsorbed) at time t (min), and K is the velocity constant (ml min −1 ) (Castillo et al. 2015) .
DNA extraction
Bacterial DNA from V. anguillarum strains was extracted from cells harvested by centrifugation (5000 x g, 10 min) using the Wizard R Genomic DNA Purification Kit (Promega, Madison, WI, USA). The amount of genomic DNA was measured using QuantiTTM PicoGreen R quantification kit (Invitrogen, Waltham, MA, USA).
Genome sequencing, assembly and annotation
The genomes of the 16 phage-resistant V. anguillarum variants were sequenced using Illumina HiSeq platform (BGI, China) with paired-end read sizes of 100 bp. Library construction, sequencing and data pipelining were performed in accordance with the manufacturer's protocol. The Illumina data-reads were assembled into contiguous sequences using Geneious software (version 10) (Kearse et al. 2012) , and short-and low-coverage contigs were filtered out. The remaining contigs were aligned using chromosomes I and II and plasmid pJM1 of V. anguillarum strains PF4, 4299 and Ba35 as references ) and assembled into two scaffolds of 54 to 61 contigs with an average coverage of >90x for each isolate. Annotation of the genomes was done by the NCBI Prokaryotic Genome Automatic Annotation Pipeline (PGAAP) (Tatusova et al. 2016 ).
Computational analysis
Genome comparison among phage-resistant isolates and the reference ancestor strain was done using MAUVE v2.3.1 software (Darling et al. 2004) . Mutations in DNA sequences were confirmed by direct inspection of the reads when present in >95 on this specific genome region . The effects of the mutations on DNA and amino acid sequences were analyzed by ClustalW algorithm version 2.0.64 (Larkin et al. 2007 ). Putative subcellular localization of mutant genes was done by server tools. Prediction of the localization of bacterial proteins was achieved using PSort V3.0b.75 (Yu et al. 2010) . Checking of transmembrane helices (TMH) was performed by TMHMM V2.0c.76 (Krogh et al. 2001) . Finally, predictions of signal peptides were obtained using SignalIP V3.0.77 (Emanuelsson et al. 2007 ).
To reveal the phylogenetic relationship of V. anguillarum strains based on OmpK protein, we selected the amino acid sequences of this specific gene for each genome of V. anguillarum and 11 referential Vibrio genome sequences (different species) available at the public database NCBI (March 2017). Protein sequences were aligned by Clustal W version 2.0.64 (Larkin et al. 2007) . The phylogeny was inferred by Maximum Likelihood algorithm in Geneious software (version 10) (Kearse et al. 2012) . Finally, prophage-like elements were identified and selected by running bacterial genomes in PHASTER (Arndt et al. 2016) .
RNA extraction and cDNA synthesis
In order to examine ompK gene expression patterns of V. angullarum cells in the regulatory state of low cell density (LCD) and high cell density (HCD), overnight cultures (4299, 90-11-286, Ba35 and PF4) were diluted 1000-fold in LM broth and grown at 30
• C, 200 rpm with agitation. At OD 600 of 0.1 (LCD) and 1.2 (HCD), samples were harvested into 0.2 volume ice-cold stop solution (5% buffer-saturated phenol pH 7.4 in ethanol [Sung et al. 2003] ). Total RNA was extracted using Trizol (Invitrogen) according to the manufacturer´s protocol. Genomic DNA was removed by adding DNase I according to the manufacturer's protocol (Thermo Scientific, Waltham, MA, USA). RNA was stored at −80 • C until further use. Reverse transcription was performed with the Thermo Scientific Revert Aid first-strand cDNA synthesis kit as described by the manufacturer, using random hexamer primers and 1000 ng of DNase I-treated RNA. Control samples (without reverse transcriptase) were treated identically except that the reverse transcriptase enzyme was omitted.
RT-PCR gene expression quantification
The relative expression levels of ompK were determined by qPCR performed in a CFX96 real-time PCR (RT-PCR) detection system (Bio-Rad, Hercules, CA, USA) using SsoAdvanced SYBR green supermix (Bio-Rad) and the gene-specific primers listed in Supplementary Table S2 . for 5 s and showed a single clear peak for each primer pair. The level of ompK mRNA was determined relative to three different endogenous control genes recA (Tan, Svenningsen and Middelboe 2015) , hfq (Hurley and Bassler 2017) and argS (Nelson et al. 2008) . The experiment was repeated three times on independent biological replicates. The comparative threshold cycle (CT) method was used for relative quantification of RNA (Schmittgen and Livak 2008) .
Biofilm formation
The effects of phage KVP40 exposure on biofilm formation was examined in V. anguillarum strains 4299, 90-11-286, PF4, Ba35 and the 16 phage-resistant variants in the presence and absence of phage KVP40. Next, 12-well culture plates (Greiner bio-one) with 3 ml MB were simultaneously inoculated with 100 μl overnight bacterial culture (OD 600 = 1.0) and incubated at 25
• C for 72 h to establish biofilm formation. Hereafter, the liquid was removed, and the wells were rinsed twice with artificial seawater (ASW; Sigma-Aldrich, St. Louis, MO, USA) before adding 2.9 ml MB with 100 μl phage KVP40 (10 9 PFU ml −1 ) and parallel controls without phages. The plates were incubated at 25
• C for 24 h, and biofilm was quantified by crystal violet assay according to Tan, Dahl and Middelboe (2015) . Experiments were repeated in three independent assays.
Inactivation of phage KVP40 by extracellular enzymes
Overnight cultures of the strains were diluted 100-fold in MB and grown at 25
• C for 72 h. Subsequently, bacteria were removed by centrifugation (5000 × g, 20 min, 4
• C) and supernatants were filtered through 0.22 μm-pore-size filters. To examine the inactivation of phage KVP40 by extracellular proteases, ∼10 5 PFU ml
of the phage were added to triplicate tubes with 20 ml of the 0.22 μm-filtered bacteria-free supernatant. Phage added to 20 ml MB was used as a control. To determine the effects of bacterial proteases on phage decay, the tubes were incubated at 25 • C with agitation (100 rpm) and PFU concentration was examined at 0 h and 72 h using small drop plaque assay (Mazzocco et al. 2009) . Additional negative control cultures were established, where proteases activity was inhibited by addition of 10 mM EDTA (Nieto and Ellis 1986) . Each experiment was performed in triplicate.
Secretion of extracellular enzymes
The activities of the extracellular enzymes proteolysin, gelatinase, chitinase and elastinase were measured in phagesensitive and -resistant strains as previously described for F.
psychrophilum (Castillo et al. 2015) . Briefly, 5 μl of each bacteria culture (OD 600 = 1.2) was spotted on agar into 12-well culture plates (Greiner bio-one). For total proteolytic activity, cells were added to agar plates containing 2% skim milk and plates were incubated at 25
• C overnight. Gelatinase activity was determined using 2% gelatin plates and incubated at 25
• C overnight. Elastinase and chitinase activity was quantified using 0.2% elastin and 0.2% chitin, respectively, and incubated at 25
• C for 48 h and seven days, respectively. Experiments were repeated in three independent assays.
Gliding assay
The effects of phage resistance on the strains' ability to move by gliding were examined using agar plates as surfaces for gliding motility (Castillo et al. 2015) . Briefly, wild type phage sensitive strains and phage-resistant variants were grown in MB for 24 h at 25
• C (OD 600 = 1.2). Aliquots of 5 μl bacterial culture were spread on plates of MB agar (0.4%). After 72 h of incubation at 25
• C, the colony diameters were measured. Experiments were repeated in three independent assays.
Virulence of phage-resistant strains against cod larvae
To test if phage KVP40 resistance affected the virulence of V. anguillarum, challenge trials with the highly virulent PF4 wild type strain and four phage-resistant genetic mutants were established in a cod larvae model. Fertilized cod eggs were obtained from Austevoll Research Station of the Institute of Marine Research. For each of the five V. anguillarum strains tested for virulence, single eggs were placed in individual wells of five 24-well plates (i.e. 120 replicate eggs) containing 2 ml 80% sterilefiltered and autoclaved, oxygenated seawater. Prior to the experiments, the bacterial strains were inoculated in fresh MB from an overnight culture to OD 600 = 0.5 and grown at 25
• C to OD 600 = 1.0 equivalent to 10 9 CFU ml −1 (Rønneseth et al. 2017) . The precultures were chilled on ice, suspended and diluted in 80% autoclaved, oxygenated seawater. The single-egg cultures were inoculated with 100 μl bacteria to final concentrations of 10 6 CFUml −1 . In five 24-well plates with non-challenged control wells, eggs were incubated with 100 μl sterile-filtered and autoclaved, oxygenated 80% seawater was added. Day 0 was defined as the time when cumulative hatching of the larvae reached 50%, and the wells were incubated at 7
• C.
Mortality of the larvae was registered daily until day 12 where the yolk sac feeding was insufficient as observed by the mortality in non-infected controls. Unhatched eggs or larvae that died during hatching were excluded from the analysis.
Statistics
A Student t test (GraphPad Prism 4 software) was used to analyze the statistical significance of the observed changes in phenotypic properties and ompK relative expression between the different strains and phage-resistant variants. P values of <0.01 were considered statistically significant.
Accession number(s)
The genome sequences of phage-resistant V. anguillarum variants were deposited in NCBI GenBank under the accession numbers listed in Supplementary Table S1 .
RESULTS
Efficiency of plating of bacteriophage KVP40 in V. anguillarum strains
The EOP of phage KVP40 was tested for 28 V. anguillarum strains, and phage KVP40 caused growth inhibition in 27 of the strains. The EOP analysis showed that one set of strains (PF4, PF7 and PF430-3, all originating from Chile) were highly susceptible (EOP ≥ 0.8), while 24 strains (including Ba35, 4299, 90-11-286) had an EOP five or six orders of magnitude lower than the proliferation host. Only strain DSM21597 was completely resistant to phage KVP40 infection (Supplementary Table S1 ).
Phylogenetic relationship of OmpK in Vibrio
A previous study has identified the transmembrane protein OmpK as a receptor of phage KVP40 (Inoue, Matsuzaki and Tanaka 1995) . In order to examine the potential association between the OmpK protein sequences and the EOP of phage KVP40 in V. anguillarum, the phylogeny of this protein among V. anguillarum strains and nine other Vibrio species was inferred by constructing a neighbor joining tree using the alignment of 39 OmpK protein-coding sequences (Fig. 1 ). The evolutionary tree displayed different cluster patterns for V. anguillarum, which were named arbitrarily A1-A3 and varied in the levels of diversity. For example, strains PF4 and PF430-3 had an EOP close to the host of proliferation and grouped together in cluster A1 (Supplementary Table S1 ; Fig. 1 ). Cluster A2 harbored strains which varied in susceptibility to phage , whereas all the strains that group in cluster A3 (e.g. strain Ba35) had a reduced EOP (Fig. 1) . Interestingly, V. anguillarum strain DSM21597, which was not infected by phage KVP40, was the most distant lineage among the Vibrio species (Fig. 1) . Thus, a trend was evident but no definite correlation between susceptibility to phage KVP40 and strain phylogeny based on OmpK was observed.
Phage-resistant V. anguillarum variants: selection and susceptibility to phage infection
In order to evaluate differences in phage protection strategies and efficiency, four V. anguillarum strains (PF4, 4299, 90-11-286 and Ba35) were selected for phage-exposure experiments. The four strains represented a wide variation in the susceptibility to phage KVP40 infection as measured by EOP, representing all the three OmpK phylogenetic clusters (Supplementary Table S1 ; Fig. 1 ). In the initial batch culture experiments with all four strains (experiment 1) the strains displayed different dynamics of infections during the experiment (Fig. 2) . Strain PF4 showed a decrease in cell density, relative to the control strain, 2 h postphage infection, and then returned to a bacterial density similar to the control culture after 10 h of incubation. Phage abundance for this strain increased two orders of magnitude over the experiment ( Fig. 2A) . In contrast, phage KVP40 had a strong controlling effect on strains 4299 and Ba35 during the experiment, but phage abundance only showed a 3-fold increase (Fig. 2B-C) . Similarly, cell lysis was observed on strain 90-11-286; however, in this case phage abundance remained constant over the experiment (Fig. 2D) . One hundred phage-tolerant clones from each strain were selected 12 h post-infection (experiment 1) and tested for phage susceptibility. Interestingly, all the clones derived from strain PF4 were resistant to phage KVP40 infection at the first test. However, during successive re-culturing of all the clones, the susceptibility changed from resistant to sensitive (data not shown). Attempts to isolate resistant clones from strains Ba35 and 90-11-286 were unsuccessful, as all the 100 isolates were susceptible to phage KVP40. In strain 4299 (experiment 1), one out of 100 colonies was resistant to phage KVP40 (Supplementary Table S1 ).
In order to increase the probability of isolating phageresistant clones, a stronger phage selection pressure was imposed in subsequent serial transfer experiments at two different conditions for the strains PF4 and Ba35 (experiments 2 and 3, respectively) ( Fig. 2E-F) . During the transfers with strain PF4 and phage KVP40 in minimum medium (experiment 2), the CFU of the infected cultures increased and then declined two orders of magnitude relative to the phage-free control (Fig. 2E) . At the same time, phage density increased one order of magnitude prior to the first transfer, followed by a decrease in phage KVP40 density to below the detection limit during the subsequent two transfers (Fig. 2E) . Using strain Ba35 exposed to phage KVP40 (experiment 3), the successive addition of the phage (∼10 7 PFU ml −1 ) at each passage further increased the selection for resistance. Decreases in CFU following the third and tenth transfers indicated periodic phage control of the Ba35 strain interrupted by periods with regrowth of phage-resistant or -tolerant strains (Fig. 2F) . Phage abundance increased approximately 1.5 orders of magnitude during the first nine transfers and then decayed 2-fold until the end of the experiment (Fig. 2F ). Nine hundred clones and 100 clones, respectively, were isolated from the two experiments. Spot tests against phage KVP40 showed that the frequencies of permanently resistant clones were 0.3 and 3% for experiments 2 and 3, respectively (data not shown).
Examination of non-mutational defense mechanisms
Effect of phage KVP40 on biofilm formation
The ability of the V. anguillarum strains to form biofilm during 72 h incubations varied by a factor of 1.8 from OD 595 of 0.15 ± 0.02 in strain 4299 to 0.355 ± 0.03 in strain 90-11-286 (Fig. 3A) . Interestingly, the addition of phage KVP40 increased biofilm formation >3-fold in strain PF4 compared with the control culture without phage (P < 0.01). There was no significant difference between the biofilm formation of the strains Ba35, 90-11-286 and 4299 in the presence or absence of phage KVP40 during the same period of incubation (Fig. 3A) .
ompK expression in V. anguillarum strains To examine potential differences in the strains' ability to downregulate the expression of the ompK phage receptor by quorum sensing (QS) at HCD (Tan, Svenningsen and Middelboe 2015) , we investigated the relative ompK expression in the four V. anguillarum strains at HCD and LCD by qPCR (Fig. 3B) . The results showed that the ratio of the relative ompK expression level at HCD and LCD varied among the V. anguillarum strains (Fig. 3B) . In strains 4299, 90-11-286 and PF4, ratios of ompK expression at HCD and LCD between 1.0 and 1.5 indicated no or little densitydependent regulation of the relative ompK expression. OmpK mRNA in strain Ba35 was ∼6-fold downregulated at HCD compared with LCD, suggesting a similar or slightly greater degree of QS-control over ompK expression in this strain compared with that previously reported for V. anguillarum strain PF430-3, in which QS plays a key role in the regulating anti-phage defense mechanisms (Tan, Svenningsen and Middelboe 2015) (Fig. 3B) . Thus, downregulation of ompK receptor appears to be a QSresponse exhibited only by a subset of V. anguillarum strains.
Inactivation of phage KVP40 by extracellular enzymes
Secretion of extracellular proteases can function as an effective mechanism for phage particle inactivation, because the phage capsids are sensitive to proteolytic attack (Hoque et al. 2016) . We examined the role of extracellular enzymes as an anti-phage defense mechanism by observing changes in phage infectivity after exposure to cell-free supernatant from cultures from the four V. anguillarum strains, including parallel treatments with 10 mM EDTA to inhibit metalloproteases and control cultures with only growth medium (Supplementary Table S3 ). For all strains, a significant reduction in the density of infective phages was observed after 72 h exposure to cell-free supernatant, relative to control cultures without supernatant and EDTA-treated cultures, where enzymatic activities were inhibited. No phage inhibition was observed at time zero, indicating that the decay in phage infectivity was caused by the exposure to proteases over time. The reduction in phage KVP40 infectivity was in all cases >2 orders of magnitude and in V. anguillarum strain 4299 the number of infective phages decreased by 3 log units over the 72 h incubation (Fig. 3C) .
Analysis of mutations in the genomes of phage-resistant isolates
Identification and distribution of mutations in phage-resistant V. anguillarum isolates A total of 16 phage-resistant variants were selected from experiments 1-3 for whole-genome sequencing, comprising one clone derived from strain 4299 (experiment 1), four clones derived from strain Ba35 (experiment 3) and 11 clones derived from strain PF4 (experiments 1 and 2). The selected strains represented both phage-resistant clones that recovered susceptibility to phage KVP40 infection after re-cultivation and strains that remained resistant (Supplementary Table S1 ). Genome comparison between ancestral strains and clones isolated after phage exposure revealed a total of 170 independent mutations distributed in both chromosomes for the 16 phageresistant/tolerant variants. Of these, 45% were indels (deletions and/or insertions) and 65% were point mutations in the phage-resistant variants derived from PF4 (Supplementary Table  S4 ), while 49% were indels and 51% were point mutations in the phage-resistant variants derived from Ba35 (Supplementary Table S4 ). In general, the observed mutations were associated with premature stop codons, frameshifts and amino acid substitutions in proteins with different cellular localization (cytosolic, membrane-associated, extracellular). 65% of the mutated genes of the phage-resistant variants from PF4 and 73% from Ba35-encoded proteins that could be assigned functionality (Supplementary Table S4 ). We focused our attention on mutations in the genes that were most likely to be responsible for the observed phage resistance and/or tolerance phenotypes in V. anguillarum.
All the phage-resistant variants derived from strains 4299, PF4 and Ba35 which showed permanent resistance to phage infection had mutations in the ompK gene (ID number: PN49 0 3790 [relative to PF4]) (Fig. 4) . These mutations caused frameshifts for the strain 4299-E1-R1, premature stop codons for the strains PF4-E2-R1 and PF4-E2-R4, and amino acid changes for strains Ba35-E3-R1, Ba35-E3-R3 and Ba35-E3-R4 (Fig. 4) . In order to investigate if the mutations affected the ability of the phage to adsorb to ompK-mutant cells, the adsorption constants were determined. The results showed that the phage-resistant isolates had a 40-to 800-fold reduction in their affinity for phage KVP40 attachment compared with ancestral strains (Supplementary Table S5 ).
V. anguillarum strain PF4 contains a 11-kb prophage-like element (PN49 12 880-PN49 12 945) belonging to the inoviridae family ) which encodes two putative virulence genes: Zonula occludens toxin (zot) and accessory cholera toxin (ace). Interestingly, all the ompK + -phage-tolerant (temporarily resistant) isolates had lost this specific prophage (Fig. 4) . In addition to this prophage loss, mutations were found in putative virulence-related genes. For example, strain PF4-E1-4 carried mutations causing a premature stop codon in a calciumbinding protein with a VCBS domain (PN49 0 7575) (Supplementary Table S4 ). Similarly, this strain and PF4-E1-5 had mutations causing a frameshift in the Tfp pilus assembly protein FimV (PN49 0 9255) (Supplementary Table S4 ).
Phenotypic variation in phage-resistant V. anguillarum isolates
To characterize the enzymatic properties of the four V. anguillarum strains, they were analyzed for secretion of extracellular enzymes (Supplementary Fig. S1 ; Supplementary Table 3 ). All the strains showed protease and gelatinase activity (Supplementary Fig. S1A-B) , whereas strain Ba35 did not display elastinase activity ( Supplementary Fig. S1C ), and only the strains Ba35 and PF4 produced chitinase ( Supplementary Fig. S1D ). Next, the ability of the V. anguillarum ancestral and phageresistant isolates to produce extracellular enzymes, biofilm formation and move by gliding motility was examined (Supplementary Fig. S2-S3 ) to evaluate the effect of phage resistance on selected functional properties. The extracellular enzyme analyses indicated that the phage-resistant variants derived from strains PF4 (experiment 2) and Ba35 (experiment 3) exhibited lower total protease and chitinase activity than ancestral strains ( Supplementary Fig. S2 ). In addition, the phage-resistant variants from strain PF4 displayed reduced gelatinase activity, and for one clone (PF4-E2-6) we could not detect any chitinase, gelatinase or elastase activity (Supplementary Fig. S2 ).
Biofilm formation was not affected by phage resistance as no significant difference in biofilm formation was observed between phage-resistant variants and ancestral strains (Supplementary Fig. S3 ). Interestingly, all phage-resistant variants from strain PF4 maintained the pattern of increased biofilm formation in the presence of phage KVP40 relative to control cultures without the phage (Supplementary Fig. S4 ). Finally, motile behavior analysis showed that phage-resistant variants from strain Ba35 decreased their ability to move by gliding, while there was no difference in mobility between phage-resistant variants and ancestral strains PF4 and 4299 ( Supplementary Fig. S5 ).
Effects of phage resistance on V. anguillarum virulence
Previous reports have demonstrated that V. anguillarum strain PF4 is highly virulent against cod and turbot larvae Rønneseth et al. 2017; Rørbo et al. 2018) . To investigate whether resistance to phage KVP40 could affect the virulence properties of the bacterium, the virulence of V. anguillarum strain PF4 was compared to the phage-resistant variants mutated in ompK (PF4-E2-R1 and PF4-E2-R4) and the phage-tolerant variants with wild type ompK sequences that regained susceptibility after re-culturing (PF4-E1-4 and PF4-E1-5), in a cod larval system (Fig. 5) . The results confirmed that the ancestral V. anguillarum strain PF4 caused significant mortality, reaching 50% at 94 h post-bacteria addition. In contrast, larvae survival after infection with ompK-mutant isolates was significantly higher, with 91% and 80% survival, respectively, at 94 h post-infection with strains PF4-E2-R1 and PF4-E2-R4 (P < 0.05) (Fig. 5) . The resistant isolates which were not mutated in ompK (PF4-E1-4 and PF4-E1-5) were also less virulent than the wild type with a larval survival of 66% and 83%, respectively, after 94 h (P < 0.05) (Fig. 5) . This trend was further underlined later in the experiment as larvae survival with strain PF4 reached 2% at 238 h, while larvae exposed to ompK-mutant strain PF4-E2-R4 was unaffected by the bacteria (i.e. survival was equal to the unchallenged control larvae) throughout the experiment, and survival after exposure to the ompK-mutant strain PF4-E2-R1 only worsened relative to the control larvae at the latest time-points of the experiments. For the ompK + strains PF4-E1-4 and PF4-E1-5, intermediate larval survival of 15% and 20%, respectively, was observed at the end of the experiment (Fig. 5) .
DISCUSSION
Since the structure of a receptor protein is likely affecting adsorption of the phage, we expected that phage KVP40 susceptibility patterns in our V. anguillarum collection were correlated to amino acid sequence similarity of the OmpK. There was, however, no direct coupling between the phylogeny of the OmpK protein and the susceptibility to the phage. Strains PF4 and PF7, which clustered in different phylogenetic groups, both had high susceptibility to the phage, whereas strains PF7 and 4299, which had identical OmpK amino acid sequences, showed six orders of magnitude difference in EOP ( Fig. 1 ; Supplementary Table S1 ). Interestingly, the three Chilean isolates (PF4, PF7 and PF430-3) with the high phage KVP40 susceptibility clustered together when the entire core genome was compared , indicating that probably other genomic properties than receptor composition are playing important roles in phage KVP40 susceptibility in these strains. One striking observation from the batch culture experiments (experiment 1) with phage KVP40 and the four selected V. anguillarum strains was that the highly susceptible strain PF4 only showed a short-lasting decrease in cell density in the presence of phage, reaching a density similar to the control culture after 10 h of incubation, despite high phage production ( Fig. 2A) . For the low-susceptibility strains, Ba35, , on the other hand, there was strong phage control of the population despite no or very low phage production (Fig. 2B-D) . This apparent contradiction between phage susceptibility and phage control of bacterial growth may reflect that high susceptibility selects for Figure 6 . Suggested resistance mechanisms against phage KVP40 in Vibrio anguillarum. Graphic representation of the different resistance mechanisms against phage KVP40 infection in the V. anguillarum strains observed in this study. 1. Lytic infection, which causes cell lysis and phage production. 2. and 3. Different strategies to prevent phage KVP40 attachment 4. Mutations in proteins related to cell membrane that may affect cellular shape and metabolic activities of the host. 5. Extracellular proteases activities that inactivate phages in the vicinity of the cell. 6. Host-encoded abortive infection systems, which lead to host suicide and prevent phage propagation. 7. Cell aggregation and biofilm formation upon exposure to the phage prevents phage-attachment to the cell. Effects and costs of these mechanisms are explained in the table. Genes participating in the different phage-defense mechanisms are represented as arrows in the figure. efficient defense strategies, whereas for strains with low susceptibility the risk of infection is much lower and thus the selection for resistance strategies is less pronounced. Consequently, in situations where the phage infection pressure is high as in the experimental conditions, the phage control of the host is strong for hosts which do not have efficient defense strategies. These observations are supported by the biofilm result, showing that PF4 was responding to phage exposure by producing biofilm, whereas the other three strains only showed very little or no increase in biofilm formation after phage addition (Fig. 3A) . These results agree with previous studies, where V. anguillarum strain PF430-3, which is closely related to strain PF4, was shown to efficiently reduce phage infection and maintain growth by aggregation and biofilm formation (Tan, Dahl and Middelboe 2015) . The results are also in accordance with the fact that no permanently resistant PF4 mutants were isolated from experiment 1.
As in the PF4 experiment, no resistant isolates were obtained for strains 90-11-286 and Ba35, and only one out of 100 isolates of strain 4299 was resistant, despite significant phage control of bacterial growth (Fig. 2B-D) . A likely explanation for this observation is the presence of one or more bacterial abortive infection (Abi) systems in these specific V. anguillarum strains, probably limiting phage DNA replication, transcription or protein synthesis during the infection (Chopin, Chopin and Bidnenko 2005) . This hypothesis is supported by the low EOP (Supplementary  Table S1 ), little phage-production in the batch infection experiments despite strong control of population growth (Fig. 2B-C) , and the presence of the abi genes and toxin-antitoxin systems in the bacterial genomes (Dy et al. 2014; Castillo et al. 2017) . This may be a favorable anti-phage strategy for a bacterium with low susceptibility to a given phage, since abortive infection would prevent the phage from reaching sufficiently high numbers to impose a significant control on a population with low susceptibility. Similar results have been described in V. cholerae and the phage 149 (Chowdhury, Biswas and Das 1989) . Clearly, this finding needs to be investigated for further inferring the specific Abi systems in V. anguillarum.
For strain Ba35, the reduced expression of ompK at HCD suggested that QS-driven downregulation of the receptor expression at HCD is a phage defense mechanism in this strain, as recently demonstrated in V. anguillarum strain PF430-3 (Tan, Svenningsen and Middelboe 2015) . However, at the high MOI and LCD conditions in the batch culture experiment (Fig. 2D) , this defense strategy seemed highly inefficient, as indicated by the strong phage control of bacterial growth.
In the serial transfer experiments (experiments 2 and 3), permanently resistant clones with mutations in OmpK and reduced phage adsorption were isolated (Supplementary Table S5 ). While short-term batch culture experiments may select for phenotypic responses such as biofilm formation and receptor downregulation, serial transfer experiments with more long-term phage exposure may impose a stronger selection for permanent resistance by mutational change. Apart from the mutations in ompK, genomic comparison of the phage-resistant variants identified genetic mutations in genes encoding pilus assembly, proteases and transmembrane proteins that may affect bacterium-phage interactions ( Supplementary Table S4 ; Fig. 4) .
The strong reduction in infectious KVP40 phages upon exposure to cell-free supernatant from the V. anguillarum cultures strongly suggested that proteases secreted by the bacteria can function as a phage defense mechanism by digesting phage proteins, thereby inactivating the phage particles. This agrees with the recent observation that QS-regulated production of extracellular hemagglutinin protease inactivated phages infecting V. cholerae at HCD (Hoque et al. 2016) . While reducing the infection pressure of the phages by several orders of magnitude, the protease degradation of the phages may at the same time work as a mechanism of peptide acquisition in the bacteria.
The relatively low frequency of mutational resistance against phage KVP40 suggested a fitness cost of the resistant mutant. This was confirmed for several of the phage-resistant mutants which showed significantly reduced protease activity (mutants of strains Ba35 and PF4), gelatinase activity (strain PF4), and chitinase activity (strains PF4 and Ba35). These apparent fitness costs are not systematically represented in the resistant strains, and more work is required to link the phenotypic differences with genetic changes in the mutated strains. Although the function of OmpK has not been established, there is evidence that it may be involved in iron acquisition and bile salt tolerance, suggesting that it serves a function in relation to Vibrio pathogenicity (Hamod et al. 2014) . The ubiquitous presence of OmpK throughout the Vibrio genera suggests that it serves a general function and is essential for the performance of vibrios. Despite that, it has not previously been possible to identify any fitness cost in OmpK-deficient mutants under laboratory conditions (Tan, Svenningsen and Middelboe 2015) . Here, we showed that ompK mutants have a significantly lower virulence than ompK + phage-resistant mutants and the phage-sensitive wild type ancestor in cod larvae challenge trials, thus supporting previous suggestions that OmpK might play a role in Vibrio virulence (Fig. 5) . However, as the ompK + phage-tolerant strains also, to a lesser extent, had reduced virulence, other virulence factors may have been affected in the phage-resistant variants.
The results support previous reports of phages as key modulators of bacterial virulence properties by selecting for phageresistant variants with reduced virulence properties (Laanto et al. 2012; Castillo et al. 2015) . However, the opposite has also been demonstrated in Pseudomonas aeruginosa, where phage-resistant clones increased virulence traits (Hosseinidoust, van de Ven and Tufenkji 2013) . In addition to the ompK mutations, the phage-resistant variants of strain PF4 (experiment 1) had lost a zot-encoding prophage after phage KVP40 exposure in batch cultures (Fig. 4) . This prophage has been described as a main virulence factor in V. cholerae (Fasano et al. 1991) and V. coralliilyticus (Weynberg et al. 2015) . The loss of specific prophages in response to exposure to other phages and development of phage resistance has also been documented in the fish pathogen F. psychrophilum (Castillo et al. 2014) , and also in that case, the phageresistant prophage-deficient clones were less virulent than wild type strains (Castillo et al. 2015) . This suggests that the loss of prophage may be associated with phage resistance and/or reduced virulence. However, the link between zot-encoding prophages and host properties in V. anguillarum is not yet established. The specific mutations in OmpK in the phage-resistant V. anguillarum clones suggest that these mutations are essential for providing resistance to phage KVP40. This is supported by previous observations of complete resistance to KVP40 in OmpK knockout V. anguillarum strains (Tan, Svenningsen and Middelboe 2015) . However, as other mutational changes were observed in the resistant strains, we cannot eliminate the possibility that additional mutations are required to obtain phage resistance.
The observed fitness cost of the ompK mutants in the extracellular enzyme assays and cod larvae infection experiments may explain the apparent selection for a variety of alternative defense mechanisms that has developed in V. anguillarum. It is not obvious, however, why mutational changes in ompK would have fitness costs at the experimental conditions in the experiments, and thus, why the isolation of such mutants is such a rare event in the laboratory. The low frequency of phage-resistant variants in the experiments may be due to a low mutation frequency in the gene and/or that the efficiency of the alternative defense mechanisms reduces the selection for mutational changes. Alternatively, OmpK may have other, yet unknown functions in Vibrio which are affected in the ompK mutants.
Overall, we show that V. anguillarum strains employ a variety of phage defense mechanisms against a specific phage, including non-mutational (downregulation of ompK expression, putative abortive infection systems, biofilm formation and secretion of extracellular proteases) and genetic mutations (mutation in the receptor encoded by ompK) (Fig. 6) , and that these mechanisms likely represent different strategies depending on phage exposure, cell density and life style and genetic background of the host.
The comparative approach used in this work thus provided insight into the diversity of phage defense mechanisms in V. anguillarum strains, and the demonstration that phage resistance affects the fitness and pathogenicity in V. anguillarum suggested that alternative strategies have been evolved to reduce the permanent fitness costs of mutational changes. However, additional work is required to resolve the trade-offs between costs and benefits of flexible defense regulation by receptor downregulation and protection in biofilms versus permanent mutational change or abortive infection strategies.
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